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A GENERAL AND EFFICIENT METHOD FOR TRANSFORMING 
PREDICATED EXECUTION TO STATIC SPECULATION 



BACKGROUND OF THE INVENTION 

Computer processors comprise arithmetic, logic, and control circuitry that 
interpret and execute instructions from a computer program. Referring to 
Figure 1, a typical computer system includes a microprocessor (22) having, among 
other things, a CPU (24), a memory controller (26), and an on-chip cache memory 
(30). The microprocessor (22) is connected to external cache memory (32) and a 
main memory (34) that both hold data and program instructions to be executed by 
the microprocessor (22). Intemally, the execution of program instructions is 
carried out by the CPU (24). Data needed by the CPU (24) to carry out an 
instruction are fetched by the memory controller (26) and loaded into intemal 
registers (28) of the CPU (24). Upon command from the CPU (24) requiring 
memory data, the fast on-chip cache memory (30) is searched. If the data is not 
found, then the external cache memory (32) and the slow main memory (34) is 
searched in turn using the memory controller (26), Finding the data in the cache 
memory is referred to as a "hit." Not finding the data in the cache memory is 
referred to as a "miss." 

The time between when a CPU requests data and when the data is retrieved 
and available for use by the CPU is termed the "latency" of the system. If 
requested data is found in cache memory, i.e., a data hit occurs, the requested data 
can be accessed at the speed of the cache and the latency of the system is reduced. 
If, on the other hand, the data is not found in cache, /.e., a data miss occurs, and 
thus the data must be retrieved from the extemal cache or the main memory at 
increased latencies. 

In the pursuit of improving processor performance, designers have sought 
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two main goals: making operations faster and executing more operations in 
parallel. Making execution faster can be approached in any combination of 
several ways. For example, the underlying semiconductor process involving 
signal propagation delay can be improved. Pipelining execution with deeper 
5 pipelines involving more stages (super pipelining) can be implemented. Multiple 
operations can be issued onto multiple pipelines (superscalar design). Compiler 
transformations that reorder instructions (instruction scheduling) or other 
techniques allowing more operations to execute in parallel, Le., to increase 
instruction-level parallelism (ILP), may be implemented. 
10 In pipelining, the execution of an instruction is subdivided into several 

steps, called stages. Instructions are processed through each stage in succession, 
overlapping execution of an instmction in one stage with that of next instruction in 
earlier stage. Since operations execute in many stages concurrently the rate of 
execution (throughput) is increased. 
15 The time one stage takes determines the cycle time, or its inverse, the clock 

rate of a processor. If a pipeline is kept full without dismptions (stalls) 
instructions can finish at the rate of one per cycle. In addition, in a superscalar 
pipelined processors multiple instructions up to the issue width (called scalarity) 
can finish per cycle. Thus, by multiple issue and pipelining the peak performance 
20 is increased by a factor, the number of stages multiplied by the issue width. 
During such peak large number of instructions close to this factor are executing 
concurrently. This concurrent execution of many instructions (said to be "in 
flight") gives rise to the speedup achieved. 

The process of retrieving instructions from memory is called instruction 
25 fetching. In addition to the processor cycle time, the rate at which instructions can 
be fetched and decoded is critical to processor performance. Instruction buffer is 
introduced between the fetch pipeline (frontend) and the execution pipeline 
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(backend) so that stall in one end does not cause stall in the other end. Both 
pipelines consist of multiple stages achieving a high clock rate. 

Instructions are continuously processed by fetch pipeline and buffered into 
the instruction buffer. Simultaneously the execution pipeline processes 
5 instructions from the instruction buffer. A peak performance can result if the rate 
at which instructions enter the buffer (fetch rate) matches the rate at which 
instructions leave the buffer (execution rate). 

The peak performance, in practice, cannot be sustained because of pipeline 
stalls. Three major source of stalls are changes in program flow, hardware 
10 resource conflicts, and data dependencies. 

Changes in program flow occur due to branch instructions that cause 
changes in direction (whether a branch is taken or not), and destinations (the target 
of a branch), if taken. Since the instruction fetching that carries out branching 
must occur in the frontend, at a stage in the fetch pipeline, whereas the resolution, 
15 or the outcome of a branch instruction, is known at a later stage in the execution 
pipeline, instruction fetching must resort to branch prediction schemes for 
fy predicting branch outcome without having to wait for subsequent resolution. 

When a prediction agrees with its subsequent resolution, fetching continues 
without disruption. When a prediction is resolved to be incorrect, fetching must 
20 pause in order to remove (flush) all instructions in flight incorrectly fetched and 
begin fetching the new correct sequence of instructions. The extra cycles taken 
thus to recover from a misprediction are called misprediction penalty. As the 
depth of a pipeline is increased (to increase the clock rate), the branch 
misprediction penalty increases in proportion causing a major performance 
25 degradation. 

Because of its critical impact on performance, branch prediction techniques 
have been studied extensively over the years in a variety of schemes. Dynamic 
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branch prediction relies only on run-time behavior of branch. Static and dynamic 
combined techniques involve compiler transformations (static) that selectively 
eliminate branching and reorganize code to improve performance. The static 
techniques may also resort to modified branch instructions with a prediction hint 
5 bit, such as predict taken or predict not-taken. 

One leading example of dynamic branch prediction technique is the so- 
called GSHARE prediction scheme. This technique exploits the property of 
branch, often observed, that branching is correlated with its past behavior (at run 
time) and the behavior of earlier neighboring branches. Thus, the global history 
10 (behavior of a fixed number of neighboring branches) is combined with a specified 
number of low-order address bits of a branch to index a 2-bit entry in a branch 
jEj prediction table. The 2-bit entry is used to distinguish four cases (states), taken 

and not-taken, each of weak and strong variety. Depending on the current state, 
ij the branch is either predicted taken or not-taken. Both the global history and the 

15 entry is updated according to the outcome. The state is changed from taken to not- 
taken and vice versa, only if two consecutive mispredictions occur. This scheme 
improves the predication rate of loop branches. Such dynamic schemes have the 
advantage of being adaptive to different behaviors of branch due to changes in 
input data characteristics. 
20 High performance processors involve increasingly wider issue width. To 

match the resulting increase in execution rate, the fetch rate (fetch bandwidth) 
must increase. One is soon led to having to predict more than one branch per 
cycle. The trace cache techniques are designed to meet this requirement. 

A trace is a sequence of instructions corresponding to an execution path 
25 across multiple branch instructions. A trace is thus characterized by its beginning 
point and a consecutive number of branch outcomes contained in it. In a processor 
equipped with a trace cache, the conventional instruction cache is replaced by the 
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trace cache storing traces. Accordingly the unit of prediction is not a basic block 
corresponding to a single branch but the entire trace involving multiple branch 
instructions. The fetch bandwidth is significantly increased thus by dealing with 
trace rather than with an individual branch. 
5 There are several additional benefits inherent in trace cache. The 

detrimental effect (taken-branch penalty) of taken branch is eliminated, since 
widely separated basic blocks appear contiguous in a trace. In addition, if one is 
dealing with complex instruction set architecture (CISC) the overhead of 
translating CISC instruction to internal micro-operation is reduced by storing trace 
10 cache of translated code. Repeated translations are avoided, if traces are found, 
p In addition to changes in program flow (discussed), resource conflicts and 

'^^1 data dependencies contribute to pipeline stalls. Resource conflicts occur, since a 

M given processor consists of a fixed number of pipelines in a particular mix in 

pipeline types. For example, a processor may consist of six pipelines in the mix of 
I 15 two integer, two floating-point, one memory, and one branch type, against which 
up to four independent instructions of matching type can be grouped and 
dispatched per cycle 

In an in-order processor instructions are grouped in the program order, that 
is, the order of instructions determined by the compiler. A mismatch between 
20 resource requirement patterns of instructions and available pipelines causes break 
in grouping and idle cycles in pipelines. Furthermore, since the execution of an 
instruction cannot proceed unless operand data required are ready, an instruction 
(consumer) dependent on earlier instruction (producer) can cause stall depending 
on the latency of producer instruction. For example, if the producer instruction is a 
25 memory read operation (load), then the stall cycles between produce consumer 
pair can be large including various cache miss penalties. 

Compilers perform instruction scheduling to rearrange instructions to 
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minimize idle issue slots due to resource conflicts and hide the latency between 
producer and consumer pairs by filling with other independent instructions. 
Clearly such compiling (static) techniques depend on the processor model and 
latencies assumed at compiler time. 
5 In an out-of-order processor, the processor rearranges instructions 

dynamically by issuing independent instructions regardless of the program order. 
For example, in the load-use stall mentioned above the load instruction can issue 
earlier than in the program order thus having a similar effect as static scheduling. 
All instructions, however, must retire in the same order as the program order in 
10 order to preserve program correctness, maintain precise exceptions, and to recover 
from mispredicted speculative execution. This reordering requirement increases 
hardware complexity of an out-of-order processor when compared to in-order 
kind. 

The dynamic technique has the advantage of dynamically adapting to 
15 changes in machine model and latencies without having to recompile. Speedup 
can result in processing binaries of old models. However, the size of window 
(instruction buffer) from which instructions are issued and the processing time 
limits the effectiveness. Since compiling techniques are without such limitation in 
size or processing time, one resorts to recompiling for higher performance in out- 
20 of-order as well as in-order processors. 

More recently, in order to improve instruction-level parallelism beyond that 
attainable using traditional approaches, more aggressive techniques, namely, 
predicated execution (predication, for short) and static speculation techniques, 
have begun to be investigated. 
25 Predication is a form of conditional execution, in which instructions can be 

guarded with predicates. Predicates are special 1-bit registers that can be set true 
(1) or false (0) using predicate setting instructions. During execution an instruction 
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behaves normally when the guarding predicate has true value. When the guarding 
predicate has false value, the instruction has no semantic effect (that is, does not 
modify architectural state) as if the instruction is conditionally skipped. 

Predication allows for branch elimination leading to larger basic blocks and 
5 more effective instruction scheduling. Furthermore, branch misprediction penalties 
and taken-branch penalties are naturally avoided. 

The process of eliminating branch instructions using predication is known 
as "if-conversion". This process transforms a code including branch instructions 
into a predicated code without branching. In the predicated code instructions, 
10 including the predicate setting instmctions introduced, are guarded by 
appropriately assigned predicates. An optimal if-conversion technique must 
minimize the number of predicates in use as well as the number of predicate 
setting instructions introduced. 

Formally, if-conversion transforms control dependence caused by 
15 branching into data dependence through predicates. Since the control dependence 
is removed, the outcome is closer to pure data flow in its new form. This new form 
facilitates various instruction scheduling techniques giving rise to improved 
performance. 

Dependencies, in general, hinder code motion and constrain instruction 
20 scheduling. Speculative execution (speculation, for short) overcomes such 
limitations by violating certain dependencies. 

There are two kinds of speculation, control kind and data kind. 
The branch prediction is a dynamic form of control speculation. One is 
predicting the outcome of a branch and executing instructions speculating that the 
25 prediction is correct. As discussed earlier this technique incurs misprediction 
penalties when the prediction tums out to be incorrect. 

In static control speculation, on the other hand, compiler moves instructions 
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above "guarding" branch. In this form, one is executing instructions speculating 
that the results produced by speculated instructions are ultimately used. If the 
results are not used, the execution of "unused" instructions can cause performance 
penalties. 

5 In the static speculation of data kind, a memory read instruction (load) is 

commuted past a memory write instruction (store) that may or may not conflict. At 
compile time not every load-store pair can be disambiguated to prove that the pair 
is independent. To be safe a compiler must make a conservative decision of 
assuming the pair is dependent. Static speculation of data kind overcomes such 
10 data dependence by optimistically removing it. This allows load to move freely 
past store. 

The speculated load must be distinguished from ordinary load so that 
special actions can take place in order to detect incorrect speculation and to 
perform recovery on detecting an incorrect speculation. The recovery may include 
1 5 re-issuing the load to take into account the effect of store operations detected to be 
interfering. Such corrective actions incur performance penalties. 

The goal of speculation, whether dynamic or static, whether of control or of 
data kind, is to increase parallelism beyond offsetting penalties, inherent in 
speculation, to achieve a net gain in performance. 

20 



SUMMARY OF THE INVENTION 

In general, in one aspect, an extensible rule-based technique for optimizing 
predicated code, comprises if-converting an abstract internal representation; and 
25 mapping the if-conversion to a machine representation. In accordance with one or 
more embodiments, the technique may further comprise eliminating predicates 
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from the mapped if-conversion. The eliminating of predicates may comprise 
eUminating a predicate defining instruction by interpretation. The eliminating of 
predicates may comprise eliminating a guarding predicate of a safe instruction by 
speculation. The eUminating of predicates may comprise eliminating a guarding 
5 predicate of an unsafe instruction by compensation. The eliminating of predicates 
may comprise eliminating a guarding predicate of an unsuitable instruction by 
reverse if-conversion. The technique may further comprise optimizing the 
machine representation. 

In general, in one aspect, an extensible rule-based system for optimizing 
10 predicate code, comprises a processor for executing instructions; and an 
instruction. The instruction is for defining predicates; testing a branch instruction; 
and assigning a defined predicate to the branch instruction based on a result of the 
test. 

In general, in one aspect, an extensible rule-based method for optimizing 
15 predicate code comprises defining a predicate; testing a branch instruction; and 
selectively assigning the defined predicate to the branch instruction based on a 
result of the test. 

■4 In general, in one aspect, an apparatus for optimizing predicate code, 

g comprises means for if-oo„verti„g an absttac, internal representation; and 

20 means for mapping the if-conversion to machine representation. In accordance 
with one or more embodiments, the apparatus may fiirther comprise means for 
eliminating predicates from the mapped if-conversion. The eUminating of 
predicates may comprise means for eliminating a predicate defining instruction by 
interpretation. The eliminating of predicates may comprise means for eliminating 
25 a guarding predicate of a safe instruction by speculation. The eliminating of 
predicates may comprise means for eliminating a guarding predicate of an unsafe 
instruction by compensation. The eUminating of predicates may comprise means 
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for eliminating a guarding predicate of an unsuitable instruction by reverse if- 
conversion. The apparatus may further comprise means for optimizing the 
machine representation. 

In general, in one aspect, an extensible rule-based technique for optimizing 
predicated code, comprises if-converting an abstract intemal representation; 
mapping the if-conversion to a machine representation; eliminating predicates 
from the mapped if-conversion; and optimizing the machine representation. The 
eliminating of predicates comprises eliminating a predicate defining instruction by 
interpretation; eliminating a guarding predicate of a safe instruction by 
speculation; eliminating a guarding predicate of an unsafe instruction by 
compensation; eliminating a guarding predicate of an unsuitable instruction by 
reverse if-conversion. 

In general, in one aspect, a technique of supporting predicated execution 
without explicit predicate hardware, comprising implementing a test branch 
instruction. In accordance with one or more embodiments, the test branch 
instruction may convert a branching condition based on condition codes to 
Boolean data in a general register so that a full logical instruction set can be used 
to produce optimal code. 

In general, in one aspect, a system of supporting predicated execution 
without explicit predicate hardware, comprises a processor for executing 
instructions; and an instruction for converting a branching condition based on 
condition codes to Boolean data in a general register so that a full logical 
instruction set produces optimal code; and guarding a set of instructions unsuitable 
to speculate enclosed by a branch. 

In general, in one aspect, a method of supporting predicated execution 
without explicit predicate hardware comprises implementing a test branch 
instruction. In accordance with one or more embodiments, the test branch 
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instruction may convert a branching condition based on condition codes to 
Boolean data in a general register so that a full logical instruction set can be used 
to produce optimal code. 

In general, in one aspect, an apparatus of supporting predicated execution 
without explicit predicate hardware comprises means for implementing a test 
branch instruction; and means for eliminating predicates using the implemented 
test branch instruction. Other aspects and advantages of the invention will be 
apparent from the following description and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of a prior art computer system. 
Figure 2 is a block diagram of an embodiment of the present invention. 
Figure 3 is a flow chart describing a process in accordance with an 
embodiment of the present invention. 

Figure 4 shows an innermost loop. 

Figure 5 shows an intemal Representation of Loop Body prior to If- 
conversion. 

Figure 6 shows a Loop Body predicated in Abstract IR, AIR. 
Figure 7 shows a Loop Body transformed into Machine IR, MIR. 
Figure 8 shows an Improved Loop Body in Machine IR, MIR'. 
Figure 9 shows a Subgraph of Depth 2 for Covering Node nl6. 
Figure 10 shows Effect of Test Branch in Improved Loop Body, MIR+. 

DETAILED DESCRIPTION OF THE INVENTION 

Predicated Execution (PE), associated hardware and software techniques, is 
one of the key features of new generation architecture emphasizing instruction- 
level parallelism. The requirements for guarded architecture to support PE 



11 



PATENT APPLICATION 
ATTORNEY DOCKET NO. 03226.037001; P5009 

including predicate registers, predicate defining operations, and additional field in 
instruction word for guarding predicate, however, cause a severe impact on 
existing Instruction Set Architecture (ISA). In one or more embodiments, the 
present invention involves new compiling techniques and associated hardware 
support for an altemate approach designed to gain or possibly exceed performance 
of explicitly guarded architecture while minimizing the impact on the existing 
architecture. The exemplary architecture that will be discussed herein for 
purposes of illustration is the SPARC™ architecture developed by Sun 
Microsystems, Inc. of Palo Alto, CA. 

Referring to Figure 2, a block diagram of a processor in accordance with an 
embodiment of the present invention is shown. The processor (122) has, among 
other things, a CPU (124), a memory controller (126), and an on-chip cache 
memory (130). The microprocessor (122) is connected to extemal cache memory 
(132) and a main memory (134) that both hold data and program instructions to be 
executed by the microprocessor (122). Intemally, the execution of program 
instructions is carried out by the CPU (124). Data needed by the CPU (124) to 
carry out an instruction are fetched by the memory controller (126) and loaded 
into internal registers (128) of the CPU (124). 

The processor (122) includes new instructions that test a given conditional 
branch instruction to determine whether the branch will be taken or not. If the 
conditional branch tested is true (taken), then a general register specified as the 
destination register is set to 1 (true). Otherwise, the destination register is set to 0 
(false). 

The effect is to convert condition in the specified condition code register, 
floating-point as well as integer kind, (%fccn, %icc, and %xcc) into normalized 
Boolean data (1 or 0) in the destination register. The destination register 
subsequently acts as a predicate. This has the additional benefit of replacing 
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condition codes with general registers and, thereby, ehminating the use of 
condition codes that degrade instruction-level parallelism. The Boolean data in 
general registers are normalized true or false so that Boolean operations can be 
performed in combination with other predicates using ordinary logical operations. 
Thus, the need for special operations dealing with predicates is avoided. 

The new instmctions may be, for example, Test Branch on Floating-Point 
Condition Codes (tfbx) and Test Branch on Integer Condition Codes (tbx). These 
instructions, described in detail below, improve the efficiency if-conversion on a 
traditional architecture without explicit support for predicated execution. In the 
defined instructions included below, notations used are consistent with the 
conventions of the SPARC™ Architecture Manual (Version 9). The exemplary 
instructions Test Branch on Floating-Point Condition Codes (tfbx) and Test 
Branch on Integer Condition Codes (tbx) have the following characteristics: 

(1) Test Branch on Floating-Point Condition Codes 

Opcode tfb<x> %fccn,rd 

where Condition x is one of 



u Unordered 

g Greater 

ug Unordered or Greater 

1 Less 

ul Unordered or Less 

Ig Less or Greater 

ne (nz) Not Equal (Not Zero) 

e (z) Equal (Zero) 

ue Unordered or Equal 

ge Greater or Equal 

uge Unordered or Greater or Equal 

le Less or Equal 

ule Unordered or Less or Equal 

o Ordered 
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The condition codes (%fccn) are tested for the specified condition (x). If 
the condition is true then the general register designated the destination register 
(rd) is set to 1 . Alternatively, if the condition is false, then the destination register 
is set to 0. The conditions always (a) and never (n) are not needed because the 
control edge associated can never be a control dependence edge. 

(2) Test Branch on Integer Condition Codes 
Opcode tb<x> i_or_x_cc,rd 
where Condition x is one of 



ne (nz) 


Not Equal (Not Zero) 


e(z) 


Equal (Zero) 


g 


Greater 


le 


Less or Equal 


ge 


Greater or Equal 


1 


Less 


gu 


Greater or Unsigned 


leu 


Less or Equal or Unsigned 


cc (geu) 


Carry Clear (Greater or Equal or Unsigned) 


cs (lu) 


Carry Set (Less or Unsigned) 


pos ^ 


Positive 


neg 


Negative 


vc 


Overflow Clar 


vs 


Overflow Set 



The condition codes (%icc or %xcc) are tested for the specified condition 
(x). As above, if the condition is true, then the general register designated the 
destination register (rd) is set to 1 . Alternatively, if the condition is false, then the 
destination register is set to 0. The conditions always (a) and never (n) are not 
needed because the control edge associated can never be a control dependence 
edge. 
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Referring to Figure 3, an overview of a process in accordance with an 
embodiment of the present invention is shown. The individual steps are 
introduced with reference to Figure 3 and each will be described in more detail 
below. First, the process begins with if-converting on an abstract internal 
representation (AIR) (step 50) for a virtual machine with full guard support. Next, 
the if-conversion on AIR is transformed to a machine representation (MIR) (step 
52) eliminating, in particular, guarding predicates. The AIR to MIR 
transformations consist of four parts. 

First, the predicate defining instructions are eliminated by interpretation 
(step 54). Then, guarding predicates of safe instructions are eliminated by 
speculation (step 56) and guarding predicates of unsafe instructions are eliminated 
by compensation (step 58). Finally, guarding predicates of unsuitable instructions 
are eliminated by reverse if-conversion (step 60). Which instructions constitute 
safe, unsafe, and unsuitable instructions will be discussed in more detail below. 

After the predicate eliminations have been made, the resulting MIR is 
improved by applying specially designed transformations (step 62). In one or 
more embodiments, the discussed process converts predicated execution to static 
speculation without explicit predicate hardware. As mentioned earlier, predicated 
execution (PE) is a key feature of modem microprocessor architecture 
emphasizing instruction-level parallelism. As such, PE on guarded (predicated) 
architecture has been studied by many as a hardware-software combined technique 
for eliminating branching, Le,, if-conversion. The performance is gained in 
several ways, ranging fi:om software-pipeline of loops with control dependence to 
selective elimination of mispredicting branch instructions. 

However, the requirements for a guarded architecture to support PE 
severely impact existing instruction-set architecture (ISA). Specifically, a fiilly 
guarded architecture must include new predicate registers, predicate defining 



15 



PATENT APPLICATION 
ATTORNEY DOCKET NO. 03226.037001; P5009 

(setting) instructions, and an additional field in instruction word for addressing a 
guarding predicate. 

Referring to Figures 4-10, in one or embodiments, the present invention is a 
technique that minimizes ISA change in traditional RISC architecture while 
retaining the performance advantage of PE. The technique exploits PE in the 
existing architecture. This is achieved by transforming PE on guarded architecture 
into static speculation (SS) without the full guard support. 

In the exemplary embodiment presented below, a SPARC™ processor is 
used. Those skilled in the art will appreciate that the technique is equally 
applicable to other processors, possibly in conjunction with some notational 
modifications. When applied to SPARC™ processors, the technique, referred to 
herein as RK for SPARC™ (RK/Sparc), effectively captures the performance 
advantage of predicated execution on the existing SPARC™-V9. Within the 
framework of RK/Sparc, the enhancements made to the SPARC™-V9 have a 
modest impact on the existing instmction set architecture. With these 
enhancements, RK/Sparc achieves performance comparable to that of a fully 
guarded architecture. 

The technique builds on PE efforts, in which a general, optimal algorithm 
for if-conversion on predicated architecture was discovered. Embodiments of the 
present invention extend PE to an unguarded architecture in such a way that 
explicit predicate hardware is superseded by static speculation using general 
registers as implicit predicates. 

An essential idea is that if-conversion merely transforms control 
dependence (through branching) into data dependence (through predicates) and 
that a higher performance can result if such dependence is violated. This violation 
of dependence leads to static speculation of control kind. The RK/Sparc technique 
achieves this in three steps employing two representations, and transformations on 
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these representations. The two representations, both low-level in character, are an 
abstract internal representation (AIR) and a physical SPARC™- V9 machine 
representation (MIR). AIR represents a virtual SPARC™-V9 architecture with 
full predicate support whereas MIR represents the existing SPARC™-V9 
5 unguarded architecture. 

For a given a region R, for example, the body of an innermost loop, 
RK/Sparc transforms R in three steps: 
Step 1. If-convert on AIR, 
Step 2. Map from AIR to MIR, and 
10 Step 3. Optimize MIR to an improved MIR' 

Note that these three transform steps correspond to steps (50), (52), and 
(62) of Figure 3. An exemplary illustration is presented below regarding the effect 
SI of each step using textual representations of AIR, MIR and MIR' as 

5 transformations occur. The textual representations are annotated with data flow 

III 

15 and other information to aid understanding. 
%. In this example, the loop shown in Figure 4 is used. Figure 4 shows an 

W innermost loop (200). The intemal representation (202) of the loop (200) prior to 

SI if-conversion is shown in Figure 5. In the textual representation shown, 

D 

y, instructions are expressed using numbered symbols tn for source and destination 

20 operands. To aid visual understanding destinations appear on the left hand side of 
the = symbol. Marked symbol, -tn, is used as a formal device for missing 
destination. Each basic block is annotated with its kind (ki), flag (fl) indicating 
region head/tail (H/T), number of operations (op), immediate dominator (do), and 
immediate postdominator (po). It is assumed that the SPARC™-V9 AIR has a 
25 number of predicates (as many as needed, since virtual) and the proposed 

predicate defining instructions. Test Branch on Floating-Point Condition Codes 
(tfbx) and Test Branch on Integer Condition Codes (tbx). These instructions 
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convert branching conditions into Boolean values in general registers as described. 

Given a control flow graph G, the problem of if-conversion consists of two 
parts: (1) how to assign predicates to each node (basic block) of G and (2) how to 
place predicate defining operations such that predicates and their defining 
operations are minimal in number. PE algorithm solves both problems by 
decomposing the control dependence (CD) into two maps R and K such that 
R=inverse(K) o CD. 

For each node x, R(x) gives the predicate P to be assigned to the node. For 
each predicate (p), the K set, K(p), gives defining operations to be placed. 

This solution hinged on noticing there is an isomorphism between the 
equivalence classes of nodes with the same control dependence and the grouping 
of control dependence edges into sets (called K sets), each associated with a 
particular equivalence class. In this abstract view, predicates are merely names of 
equivalence classes and corresponding K sets. 

When applied to this example, PE algorithm yields the two maps R and K 
shown in Table 1 and 2. 
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K 


{} 


{8} 


{3,1} 


{-4,-8} 


{2,-3,-8} 


{-2,-8} 


{-1} 



Table 2: K map of predicate to K set=K(p) 



Blocks 8 (Start) and 9 (End) are introduced to augment the control flow 
graph in order to compute the control dependence (CD) as discussed in the 
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technical report, "On Predicated Execution" by J.C.H. Park and M.S. Schlansker, 
Hewlett-Packard Laboratories, Palo Alto, CA, 1991, which is hereby incorporated 
by reference in its entirety. 

Thus, for example, block B4 is assigned predicate P5=R(4). The defining 
(setting) instructions for predicate P5 is given by the set K(5) = {2,-3,-8} . Using 
the new test branch instructions introduced, one can now give concrete meaning to 
this abstract result. Corresponding to the element -3, for example, the branch 
instruction of B3 is converted into the defining instruction p5=tfl)l(t 126,0) using 
the new Test Branch instruction tbfx described below. It is convenient to use the 
abstract form of tfbx with a second operand of 0 or 1 depending on the sign 
associated with the element of K set. Because this defining instruction is placed at 
B3, it must be guarded with the predicate P6 assigned to B3. Thus, the instruction 
is 

p5=tft)l(tl26,0)&p6 
where the guarding predicate P6 follows the & separator. 

The K set element -8, where 8 refers to the start block, stands for a reset 
operations such as P6 = mov(O) of Figure 6. The requirement for reset operations 
is one of the subtle aspects of predication. A missing reset can cause incorrect 
behavior of a predicated code due to use of a predicate that has not been set 
earlier. The final result of PE, predication followed by collapse of multiple blocks 
into a straight line code, is shown in Figure 6. 

The predicated code (204) in Figure 6 would apply if one were dealing with 
a fiilly guarded version of SPARC™- V9. The effectiveness of RK/Sparc in 
eliminating the fiill predicate support is to be judged with respect to this fiiUy 
guarded code. 

Referring to Figure 6, starting fi*om a predicated code for a virtual guarded 
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SPARC™ processor (204), various transformations are applied to eliminate 
guarding predicates. This second step of RK/Sparc transforms a code in an 
abstract representation (AIR) into that for the physical machine (MIR), namely 
SPARC™-V9. For this purpose, instructions are classified into four classes 
according to the different transformations to be applied: 

a. defining instructions, Test Branch, to be transformed by interpretation, 

b. safe instructions by speculation, 

c. unsafe instructions by compensation, and 

d. unsuitable instructions by reverse if-conversion (RIC). 

Note that these classifications correspond to predicate elimination steps 
(54), (56), (58), and (60) of Figure 3. Classification of instructions into the four 
classes listed is a part of driving heuristics of RK/Sparc. 

A store instruction may be taken to be either unsafe or unsuitable 
depending on its context as well as the effect of a choice on the final outcome. 
Using the example in Figure 6, the four kinds of transformations listed above are 
illustrated. 

Considering the 13^^ instruction (205) of the predicated code AIR (204) of 
Figure 6, 

P5 = tfbl(tl26,0)&P6. 

The guarding predicate is eliminated by speculating the guarded instruction 
tfbl and conditionally committing the appropriate result using movmz. Thus, the 
above instruction is replaced by the sequence of unguarded instructions, 

Q3 = tfbl(tl26,0) 
P5 = movmz(P6, Q3). 
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Then, Test Branch tfbl is eliminated by interpretation with the pair, 

Q3=mov(l) 
Q3=movl(tl26,0). 

The result is the sequence of instructions 17 through 19 of MIR (Figure 7). 
Removing a guard in this manner leads naturally to speculation. Note that 
speculation of a predicate defining instruction involves a nev^ work register like 
Q3. The prefix Q designates a Boolean value with the special property of "use- 
once". These properties are useful in the optimization techniques described later. 

When both "taken" (n) and "not-taken" (-n) edges occur as elements of K 
sets, both being control dependence edges, the interpretation overhead is reduced 
by using xor to produce an inverted value. Our example involves three such cases 
leading to three xor operations involving predicates in MIR (Figure 7). 

Guarding predicates of instructions classified as safe are eUminated by 
speculation using a new working register (designated with W prefix) followed by a 
conditional commit using movmz with the guarding predicate as the condition. 

Certain instructions like store (st) are unsafe to speculate, since one cannot 
simply undo its effect using conditional commit. In the absence of predicated 
store instruction of general kind in SPARC™-V9, compensation code is used. 
Two different methods are considered. One is to load the old value and 
conditionally change (using movnrz) the value to the new value. The other is to 
conditionally modify the address to either a harmless (predetermined) or the actual 
one in use. The former scheme is employed in the example Figure 7. Because the 
load instruction generated itself is speculative, a non-faulting kind such as Idda is 
used. 

A load instruction can be both unsafe and unsuitable in speculation. 
SPARC™-V9 provides non-faulting load to avoid fatal exceptions but does not 
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provide speculative kind that can defer unnecessary TLB or expensive cache miss. 
Large-scale experimental data is needed for the engineering trade-off between 
performance loss and complexity of introducing speculative load of various kinds 
in SPARC™- V9. 

An instruction like integer divide is unsafe because it can cause divide 
check when speculated. Even if known to be safe, the instruction is unsuitable to 
speculate, when the execution probability associated is low, because of 
dispatching restrictions like multi-cycle blocking. Such cases are handled by 
reverse if-conversion, in which branch is reintroduced to play the role of guarding 
the unsuitable instruction. 

The final result (206) of applying these AIR-to-MIR transformations is 
shown in Figure 7. Comparing with the predicated code of Figure 6 the 
instruction count has increased by 43% (43/30). Such inefficiency is inherent in 
the approach taken. Transformations are applied in isolation, one at a time 
without considering the cumulative effect of others. Thus, after all such 
transformations are completed the result is improved by optimizing 
transformations discussed next. 

In one embodiment, the new technique developed comprises rule-based 
automorphic MIR-to-MIR transformations based on symbolic analysis known as 
cover. These transformations are designed to improve a code in a variety of ways: 
(1) reduce instruction count such as elimination of predicate reset operations; (2) 
reduce dispatching cost by replacing conditional move with ordinary logical 
operations; (3) eliminate use of condition code; and the like. Transformations in 
our scheme are implemented as rewriting rules in terms of covering dag. This 
framework facilitates experimental analysis and incremental improvement. 

Being automorphic our transformations can be applied repeatedly in order 
to compound the effect of multiple transformations. Eventually, a fixpoint is 
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reached implying that no further improvement is possible for the set of 
transformations at hand. This scheme when applied to MIR (206) of Figure 7 
yields the improved MIR' (208) in Figure 8. Note that the instruction count has 
decreased by 23% (43/35). 

The notion of cover together with an efficient ("almost linear") method for 
computing it is known in the art. A cover associates a symbolic expression with 
each text expression of a given code such that the two have the same value in any 
execution of the code. In particular, the covering symboUc expression 
conveniently captures dataflow information at any point in a code text. 

This technique has been extended by combining it with partial evaluation in 
order to compute a cover with sufficient precision for improving predicated MIR 
as described subsequently. The quality of an analysis based on cover depends on 
its precision. The precision in our cover is due primarily to partial evaluation 
when values are known and detection/elimination of redundant instructions during 
cover construction. Consider the 15th instruction (207) of the predicated MIR 
(206) in Figure 7, 

P5 = movm2(P7,Q2) ! [15 4 14] nl6 

Intemally the cover is constructed as a directed graph such that each 
instruction (the text expression on LHS of !) is associated with a node of this 
graph. For example, the subgraph rooted at the node nl6 (shown in Figure 9) 
represents the covering symbolic expression associated with this instruction. 
Since each instruction is associated with a node of this cover, one can fully 
describe the graph by giving the tuple of instruction numbers such as [15 4 14] 
together with the node name. The tuple [15 4 14] has the meaning that the node of 
instruction 15 has successor nodes associated with instruction 4 and 14. Leaf 
nodes like constants and invariants do not appear in such tuples. 
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The correspondence between instructions and covering nodes is many-to- 
one, since instructions (text expressions) that evaluate to the same value are 
associated with the same node. This essential property of cover is useful in 
detection and elimination of redundant instructions. 

Figure 9 shows a subgraph of depth 2 for Covering Node nl6. For each 
node associated with a text expression, LHS of instruction (like P5), instruction 
(movnrz) and instruction number 15 (207) are shown together with the node name 
(nl6). 

Most of the overhead in predicated MIR is due to computations involving 
predicates, either directly (P) or indirectly through speculation (Q). The disclosed 
technique for improving code is based on the new idea of regarding certain cover 
involving only Boolean variables as specifying an imaginary Boolean function of 
many variables and thus convert the problem of optimizing predicated MIR into 
that of circuit minimization problem in digital design. 

There are two parts to this problem: (1) how a specific cover should be 
recognized and (2) what should be the optimized replacement? 

To solve the first problem we introduce the notion of a signature, which 
captures essential aspect of a cover for identification purpose. A signature (of 
depth 2) is a string obtained by depth- first traversal of the cover (limiting the depth 
to 2). During the traversal visiting a node produces the string, 

(operation: definition operands.) 

Then, visiting the operands (successor nodes separated by comma) 
recursively to the depth limit of 2 gives the full signature. Various notations are 
introduced such as * for designating any operation and for nodes to be 
ignored. A leaf node is represented by its value. For example, the signature 
associated with the node nl6 under discussion is 
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(movmz:P5 (*:P7 ..),(xor:Q2 (*:P6) (1) (0)) 

The second problem of finding optimized equivalent is tackled using 
Karnaugh map technique, reducing a Boolean function of up to 4 variables to a 
minimum number of basic logic operations (essential implicands of the map). The 
Boolean expression whose cover has the signature shown above is reduced in this 
manner to the replacement pattem, 

P5 - andn(P7,P6) 

This expression replaces the movmz instruction associated with node nl6. 
The pair, signature and the replacement pattem, makes up a rule of our scheme. 
After all rules are applied, another pass of cover analysis is done to detect and 
eliminate useless instructions that occur as cumulative result of rules applied so 
far. These are identified by its covering node having no predecessors and the 
defining symbol (LHS of an instruction) being not liveout from the region at hand. 
The rule just discussed, for example, leads to elimination of xor instruction (14) 
and the use of speculated predicate Q2. 

The combined effect of several rules of this kind is the optimized MIR' 
(208) shown in Figure 8. Note that the instruction count is decreased by 23% 
(43/35) when compared with the unoptimized MIR (206) of Figure 7. When 
compared with the guarded version AIR (204) of Figure 6 the inefficiency drops 
fi-om 43% (43/30) in the unoptimized MIR (206) to 17% (35/30) in the optimized 
MIR' (208) in terms of instruction count. 

The remaining inefficiency is architectural in nature, such as in having to 
convert floating point condition code to Boolean value in integer register and in 
handling unsafe store instructions. To cure such inefficiency the SPARC "^-V9 
instruction set architecture is augmented with Test Branch instructions and 
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Predicated Store. Instead of the instruction count as a measure, we next turn to 
more precise comparison based on software pipeline. 

The results of predicated AIR (204) of Figure 6, RJC-transformed MIR' 
(208) of Figure 8 and others are compared by computing the minimum initiation 
interval (Mil) of software pipeline. Mil is the optimal limit of a software pipeline 
as in Modulo scheduling. Experiences with Modulo scheduling show that in most 
cases the schedule achieved, II (the stage length in cycle of software pipeline), 
matches or comes close to this limit, MIL Because the example loop does not 
involve recurrence, Mil is simply given by the resource limit: 

MII = max(Ni/Si), 

where Si is the number of fixnctional units that can service instructions of 
resource class i, and Ni is the number of instructions of the same class. To 
simplify discussions we distinguish three kinds of resource, integer (A), floating- 
point (F) and memory (M). All instructions are assumed fiilly pipelined and have 
no dispatching restrictions like multi-cycle blocking or single-group. The resource 
classifications of all instructions that appear in this example are self-evident, 
except Conditional Move of different varieties, which are classified as M-class 
instructions. 

The resource usage in several cases considered is summarized in Table 3. 
In counting instructions the backedge (loop branch) and the associated delay slot 
are excluded because they do not participate directly in Modulo scheduling. Two 
cases have been included in the table in addition to the two cases, AIR and MIR'. 

As discussed earlier, in handling conditional store with compensation code, 
instead of speculatively loading the old value (as in MIR') one can conditionally 
modify destination address of store to a harmless address (known as address 
jamming). This technique replaces a speculative load with a mov instruction for 
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each occurrence of conditional store, thus changing the resource usage 
characteristics from M to A. The resuh is MIR". The case MIR+ (Figure 10) 
uses Test Branch and Predicated Store, part of SPARC™- V9 enhancements. 



Case 


A 


F 


M 


Total 


AIR 


15 


6 


7 


28 


MIR' 


16 


2 


15 


33 


MIR" 


18 


2 


13 


33 


MIR+ 


14 


4 


9 


27 



Table 3: Resource class usage in various cases 



In calculating Mil two different dispatching models are considered as 
summarized in Table 4 and 5. A model of pipe mix and issue width (scalarity) is 
denoted by using a notation like (2 A IF 2M) indicating that two A operations, one 
F operation and two M operations can be grouped together and issued per cycle. 
Individual terms that enter in Mil calculation are shown under respective resource 
heading. These entries identify which resource is critical and how well the 
resource usage is balanced. 

The performance gap between predicated execution (PE) on fiilly guarded 
virtual SPARC™- V9 (AIR) and static speculation (SS) on SPARC™-V9 (various 
MIR) decreases as resource is added as we expect. In particular, the ratio 
MIR+/AIR in terms of Mil drops from 1.2 (9/7.5) for (2A IF IM) to 0.93 (7/7.5) 
for (2A IF 2M), That is, the performance gap of 20% vanishes for the model (2A 
IF 2M). As additional factors are taken into account such as the difference in 
instruction fetch rate due to word size increase in a guarded architecture, the 
performance gap between PE and SS can actually become insignificant in practice. 
Clearly, large-scale experiments with suitable compilers and simulators are 
required. 

Note that choosing an appropriate transformation to apply can quickly 
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become complex. For example, in the choice between two different approaches to 
handling conditional store, one or the other is better depending on resource usage 
and available resource. Even in the small example studied MIR' is better than 
MIR" in one case but not in the other. Such problems have the common 
characteristic of requiring knowledge of the final outcome of a choice before all 
the choices have been made. To avoid an approach relying on brute force 
backtracking, one must resort to heuristics based on large-scale experiments. 

Also note that the Mil tables contain fractional values like 7,5. Such cases 
are handled by unrolling the loop body before Modulo Scheduling is performed. 
Often this leads to a result effectively better than implied by the fractional value, 
since the loop count code and other induction code need only be repeated once per 
iteration of unrolled loop. 
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AIR 


7.5 
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7.5 


1.00 


MIR' 
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15 


15 


2.00 


MIR" 
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13 


13 


1.73 


MIR+ 
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1.20 


Table 4: Mil for (2 A IF IM) model 
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AIR 


7.5 
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3.5 


7.5 


1.00 


MIR' 
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7.5 
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1.07 


MIR" 
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6.5 


9 


1.20 


MIR+ 
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4.5 


7 


0.93 



Table 5: Mil for (2A IF 2M) model 



The RK technique transforms predicated execution (PE) on a fully guarded 
architecture into static speculation (SS) on an unguarded architecture. As 
illustrated by the example analyzed, the performance gap between SS an PE 
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narrows provided the current SPARC-V9 architecture is enhanced in several ways. 
These enhancements include predicated store and control speculative load that are 
well known. In addition, new instructions, Le,, test branch, are proposed. 

With Test Branch and predicated store, the performance of SS comes witin 
20% of PE in the "narrow" model, (2A IF IM). This gap vanishes when the issue 
width is increased to a "wider" model (2 A IF 2M). This occurs because the 
overhead of the speculation (increased instruction count) is absorbed by the 
increase in issue slots. The overhead of speculation thus has decreasing impact on 
performance as the issue width (scalarity) increases. 

There are two kinds, Test Branch on Floating-Point Condition Codes (tbfx) 
and Test Branch on Integer Condition Codes (tbx). A Test Branch instruction, 

tb<x> icc_or_xcc,%rd, 

tests Integer Condition Code %icc or %xcc for the specified condition <x> 
and sets the destination register %rd to 1 (0) if true (false). Floating-Point kind 
tbf<x> works in a similar manner. The condition <x> is one of many associated 
with Branch instruction as specified in the SPARC™ Architecture Manual 
, (Version 9). The effect of these Test Branch instructions is to convert a given 
branching condition into Boolean value in the specified destination register %rd. 

In AIR, an abstract form using two source operands has been used, such as 

P7 = tfbe(tll4,0) 

Test Branch in two source operand maps to the proposed instruction with 
one source operand using the second source operand to determine whether the 
condition is inverted or not. For example, the instruction tfbe(tl 14,0) above maps 
to 

tfbnetll4,P7 
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by inverting the condition "equal" to "not-equal". 

These instructions are used as predicate defining instructions. In addition, 
since the predicate value is brought to a general register, the entire logical 
instructions set is available for general processing unlike the case of dedicated 
5 predicate registers without full logical instruction set support. The full logical 
instruction support allows the handling of optimizing predicated code as Boolean 
expression optimization. 

Advantages of the present invention may include one or more of the 
following. In one or more embodiments, the present invention presents an 
10 alternative approach that minimizes ISA changes in existing architecture yet gains 
PI performance advantages of fiiUy predicated architecture. 

The method RK/Sparc allows transforming predicated execution on a fully 

S! guarded architecture to static speculation without a full guard support. The 

tci 

J5 technique is capable of yielding the performance advantage of predication 

]g 15 execution on the existing SPARC™-V9 with a few enhancements that have 

modest impact on the existing instruction set architecture, 
fy These enhancements to the SPARC™- V9 include a new class of 

3 3 

^ instructions, namely, test branch. Test Branch converts branching condition based 

P on condition codes to Boolean data in a general register so that full logical 

20 instruction set can be utilized to produce "optimal" code. 

The performance gain achieved depends critically on the quality of analysis 
and transformations in use. The method RK/Sparc, thus, includes a new, powerful 
technique based on symbolic analysis (cover) for optimizing predicated code. The 
technique, being general and extensible, can easily be adapted to tackle other 
25 problems that are text-rewriting in nature. 

While the invention has been described with respect to a limited number of 
embodiments, those skilled in the art will appreciate that other embodiments can 
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be devised which do not depart from the scope of the invention as disclosed 
herein. Accordingly, the scope of the invention should be limited only by the 
attached claims. 
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